The parametric four-wave mixing (4WM) process responsible for the generation of coherent blue light in alkali vapors is a self-seeded process which starts by population inversion and amplified spontaneous emission (ASE). Lately, attention has been turned toward frequency up-and downconversion in alkali vapors, using relatively low pump powers with CW diode lasers. In this Letter, we investigate the interplay between ASE and 4WM in rubidium (Rb) vapors by studying the mid-infrared (mid-IR) radiation emitted in the forward direction at 5.23 μm. We show that the ASE can be suppressed by 4WM in the CW regime. Thus, we demonstrate the generation of coherent mid-IR light at 5.23 μm in hot Rb vapors via parametric 4WM. The generation of coherent light by nonlinear optical processes, such as parametric four-wave mixing (4WM), is a flourishing research topic both in the general optics community and within the atomic physics community. This is mainly due to the fact that coherently prepared media can enhance nonlinear optical interactions [1] [2] [3] . Thus, among the many nonlinear media, alkali atoms are excellent candidates for nonlinear optics assisted quantum information processing. In particular, 4WM in alkali atoms is extensively used in various applications, including photon storage [3, 4] and quantum memories [5] , the generation of single-photon sources [6] , correlated photon pairs [7] , the creation of entangled images [8] , or the transfer of trans-spectral orbital angular momentum [9] , to name a few. 4WM in alkali atoms has been investigated in various energy level schemes, such as double lambda [10, 11] , double ladder [12, 13] , or diamond [14] [15] [16] [17] ; it was examined in a wide range of platforms, including hot vapors [18, 19] , cold atoms [20] , and hollow-core photonic crystal fibers [21] .
The generation of coherent light by nonlinear optical processes, such as parametric four-wave mixing (4WM), is a flourishing research topic both in the general optics community and within the atomic physics community. This is mainly due to the fact that coherently prepared media can enhance nonlinear optical interactions [1] [2] [3] . Thus, among the many nonlinear media, alkali atoms are excellent candidates for nonlinear optics assisted quantum information processing. In particular, 4WM in alkali atoms is extensively used in various applications, including photon storage [3, 4] and quantum memories [5] , the generation of single-photon sources [6] , correlated photon pairs [7] , the creation of entangled images [8] , or the transfer of trans-spectral orbital angular momentum [9] , to name a few. 4WM in alkali atoms has been investigated in various energy level schemes, such as double lambda [10, 11] , double ladder [12, 13] , or diamond [14] [15] [16] [17] ; it was examined in a wide range of platforms, including hot vapors [18, 19] , cold atoms [20] , and hollow-core photonic crystal fibers [21] .
Recently, frequency up-and down-conversion in hot rubidium (Rb) vapor by parametric 4WM using a two-step excitation process with relatively low-power CW pumping lasers have attracted much attention due to the high efficiency of the process. A conversion efficiency of about 260%/W was demonstrated, and about 1 mW of coherent blue light (CBL) at 420 nm was generated [22] . Frequency up-conversion in Rb using a single laser for two-photon excitation was also investigated [23, 24] .
To date, experiments on CBL were focused on maximizing the efficiency of the nonlinear process by investigating the pump intensity and polarization dependence of the process, as well as its temperature dependence [22, 23, [25] [26] [27] . A repumping beam was also added to maximize the generated CBL power [28] , and an external cavity was used to enhance the output power and to narrow down the CBL linewidth [29, 30] . The spectral properties of the CBL were also investigated as a function of the pump laser detuning frequency [24, 31, 32] . Moreover, CBL was used to investigate orbital angular momentum transfer and to investigate different nonlinear processes formed simultaneously [9, 33, 34] . More recently, the CBL was used to study the transfer of intensity correlation in frequency up-conversion [35] .
In spite of these demonstrations, the underlining physics responsible for the generation of CBL in Rb vapor is very complex, and it is not fully understood. The modeling of a 4WM process in atomic vapors is challenging especially when the Doppler width exceeds the atomic hyperfine splitting of the levels involved in the nonlinear process. The basic models based on four-level systems in a diamond configuration provide good agreement between the theory and the experiment. Yet, they are generally restricted to weak driving fields [16] and very simple schemes [17] .
The mechanism leading to the generation of CBL was extensively investigated. Briefly, the process starts with resonant excitation of the upper 5 2 D 5∕2 level by two-photon absorption, one at 780 nm and the other at 776 nm, as can be seen in Fig. 1  (a) , presenting the relevant energy levels of Rb involved in this 4WM process. Due to the difference in lifetimes between the 5 2 D 5∕2 and 6 2 P 3∕2 levels, the population of the upper 5 2 D 5∕2 level is rapidly increasing with respect to that of the 6 2 P 3∕2 level. This results in population inversion which is responsible for the generation of photons at 5.23 μm by amplified spontaneous emission (ASE). Then these mid-infrared (mid-IR) photons act as seed, starting the 4WM process responsible for the generation of CBL, when the phase matching condition is fulfilled.
While CBL was extensively investigated, the study related to the generation of mid-IR photons at 5.23 μm, which is the result of the same process, was generally left apart, mainly due to the fact that conventional Rb cells made of borosilicate or quartz absorb light at 5.23 μm. As such, only very few works have reported on the mid-IR emission at about 5 μm in the context of 4WM [36] [37] [38] . In these works, the two pumping photons were co-propagating, and the emission of directional mid-IR light in the forward and in the backward direction was reported. The backward directed mid-IR emission is attributed to ASE, since there is no phase matching in this direction. However, the origin and the properties of the mid-IR photons emitted in the forward direction are still ambiguous.
The competition between ASE and parametric 4WM is well known in alkali vapors, and it was shown that, under the conditions of resonant two-photon pulsed excitation in Na vapors, the ASE can be suppressed by 4WM [39] . However, it is not clear if this is also the case in the CW regime, and the directional mid-IR photons emitted in the forward direction are generally considered as a mixture of 4WM and ASE [36, 37] . Clearly, having access to the coherent mid-IR light (CMIRL) involved in the 4WM process responsible of the generation of CBL would be of great interest, e.g., for making practical use of this highly efficient 4WM process for nonlinear optics assisted quantum information processing.
In this Letter, we investigate experimentally the competition between ASE and 4WM in Rb vapor in the mid-IR, and we focus on how CMIRL can be efficiently generated. We show that depending on the frequency detuning of the pump lasers, different regions dominated either by ASE or by 4WM can be identified. Moreover, in the region dominated by 4WM, we show some indications that the ASE which initiated the process can be suppressed; thus, the generation of pure CMIRL can be achieved.
In order to investigate this competition between ASE and 4WM in the mid-IR, we designed and fabricated a 10 cm long custom Rb cell with magnesium fluoride (MgF 2 ) optical windows. The cell consists of a Pyrex tube with glass-to-metal adaptors at both ends. The viewports with MgF 2 windows were attached and tightened to hold vacuum. A photograph of the custom-made cell is presented in Fig. 1(b) . The cell was connected to a high vacuum (∼10 −9 Torr) system and filled with natural Rb by distillation. Finally, the cell was sealed and disconnected with the end result of having a standalone and portable cell.
The experimental setup is presented in Fig. 1(c) . Two-color pumping beams (Toptica and New Focus), initially prepared in co-circular polarization (σ ), are focused into the custom Rb cell by a lens (L2) with a focal length of 200 mm. The pump powers at the entrance to the custom cell are about 10 and 3.3 mW at 780 and 776 nm, respectively. The custom cell is heated to reach an atomic density of about N ≈ 2 · 10 12 cm −3 . The measured output power of CBL was about 10 μW. The beam exiting the cell is then separated by a beam splitter and bandpass filters at 420 and 5233 nm are used (Thorlabs) prior to the detectors, in order to filter out other wavelengths. A mid-IR photovoltaic photodetector from a VIGO System made of HgCdTe which is cooled by four thermoelectric coolers was used. In this experiment, the CBL and the directional mid-IR light (either the forward ASE or the CMIRL generated by 4WM) signals are simultaneously detected while scanning the frequency of the pump lasers. Conventional Rb reference cells are used in the setup to calibrate the frequency the two pump lasers. Figure 2 presents the normalized recorded signals of the CBL (PD3) and the directional mid-IR light (PD4), as a function of the two pump lasers frequency detuning. The zero detuning frequency of the 780 nm laser is defined by the hyperfine transition 5S 1∕2 F 3 → 5P 3∕2 F 0 4 of 85 Rb. The frequency of the laser at 776 nm is evaluated by looking at the blue fluorescence emitted from the Rb reference cell. The detuning is measured with respect to the maximum velocity-selective two-photon excitation [32, 37] , which corresponds to the 5P 3∕2 F 0 4 → 5D 5∕2 F 00 5 hyperfine transition of 85 Rb.
Comparing the directional mid-IR signal [ Fig. 2(b) ], with the CBL signal [ Fig. 2(a) ], which indicates the occurrence of 4WM, a similarity in the region where the 780 nm pump laser frequency is around the 5S 1∕2 F 3 → 5P 3∕2 F 0 transition can be observed. Moreover, when the 780 nm pump laser is around the 5S 1∕2 F 2 → 5P 3∕2 F 0 transition, a directional mid-IR light is clearly emitted, whereas only a very small trace of CBL could be measured. The peak CBL intensity measured around the 5S 1∕2 F 2 → 5P 3∕2 F 0 transition was about 20 dB smaller than the maximum value measured around the 5S 1∕2 F 3 → 5P 3∕2 F 0 transition. This phenomenon was already observed in other experiments, using the same parametric excitation scheme. See, for example, Fig. 3(d) of Ref. [22] , or Fig. 6 of Ref. [25] , where the CBL was only observed around the 5S 1∕2 F 3 → 5P 3∕2 F 0 transition, in the case of zero detuning of the 776 nm laser. However, CBL was observed from the two ground states of Rb in the case of direct two-photon absorption, where the upper 5 2 D 5∕2 state is populated with two photons at 778 nm [23] .
Two regimes of competition between ASE and 4WM can be observed in the mid-IR. Figure 3 presents the normalized intensity of the isotropic blue fluorescence (captured by PD2), the directional blue (PD3), and the mid-IR (PD4) signals as a function of the 780 nm laser frequency detuning, for a fixed frequency detuning of the 776 nm laser. In Fig. 3(a) , which corresponds to a frequency detuning of δ 776 ≈ −360 MHz, the mid-IR signal is relatively spectrally broad and it presents more similarities with the isotropic blue fluorescence, as expected from ASE [38] . Although a very small CBL signal exists, this regime is dominated by ASE. In contrast, in Fig. 3(b) , presenting the measured signals at δ 776 ≈ 112 MHz, the mid-IR signal is spectrally narrower and stronger. It presents more similarities with the CBL signal, around the 5S 1∕2 F 3 → 5P 3∕2 F 0 transition. We believe that around this tuning range, phase matching is obtained, leading to the narrow mid-IR signal. Keeping in mind that the refractive index of Rb strongly depends on the atomic density and optical power of the light interacting with it (especially in a ladder or diamond type configuration) and considering the highly dispersive nature of Rb around resonance, the specific detuning presented here strongly depends on the parameters of our experiment.
In order to find whether this mid-IR light is coherent and arises from the 4WM process, we have measured the intensity of the generated light as a function of the total pump power. In the case of ASE, the emitted power is expected to be linearly dependent to the total pump power, above threshold. In contrast, in the 4WM process, the intensity generated in the mid-IR is proportional to the product of the intensities I 4WM 5 μm ∝ I 780 I 776 . Thus, in order to discriminate between the two effects, we have fixed the ratio α I 776 ∕I 780 to be exactly α 0.325, and we have measured the intensity of the mid-IR and CBL as a function of the total incident power. Thus, the ASE dependence to the total input power is expected to be linear, while it is expected to be quadratic in the case of 4WM, I . The intensity dependence of the generated directional blue light and mid-IR light as a function of the total input power is presented in Fig. 4 .
In the regime dominated by ASE [ Fig. 4(a) ], a linear dependence is observed, after a threshold of about 2.7 mW (corresponding to 2 mW of 780 nm and 0.7 mW of 776 nm power). The measured mid-IR light is fitted to a linear function after the threshold. The power dependence of the CBL was measured simultaneously, and was fitted to a quadratic function, after a threshold of about 4 mW (about 3 mW at 780 nm and 1 mW at 776 nm). However, in the regime dominated by 4WM [ Fig. 4(b) ], both the mid-IR and CBL present a quadratic dependence to the total input power. The CBL power dependence is presented with a small offset for clarity. The similar power dependence of the mid-IR and CBL indicates that the generated mid-IR light arise from 4WM and not ASE. In this regime, the threshold was measured to be about 2 mW for the CBL and CMIRL. It can be also seen from Fig. 4(b) that the 4WM process saturates after about 16 mW of total input power. The saturation of CBL was previously reported [22, 25, 27, 36] , and we find that this number corresponds to what was observed in Fig. 8 of Ref [25] .
In addition, we have checked whether the angular momentum of the photons is conserved during the process or not. In 4WM, when pumping the Rb with two σ polarized photons, we expect to obtain two σ polarized photons, one in the blue and the other in the mid-IR light [see Fig. 1(a) ]. However, if the dominating process is ASE, we do not expect the mid-IR photon to be fully σ polarized since, in our experiment, the atoms do not have sufficient time to interact with the pump beams and, thus, full optical pumping to the 5S 1∕2 F 3, mF 3 → 5D 5∕2 F 00 5, mF 00 5 cycling transition cannot be achieved. Furthermore, no closed transition from the 5S 1∕2 F 2 ground state exists in 85 Rb, so there is no preferred polarization for the fluorescence in this region.
Following the above discussion, we have added a quarterwave plate (QWP) and a linear polarizer (LP), prior to the mid-IR detector. The QWP converts the circularly polarized light into linearly polarized light, and the LP acts as an analyzer. We have found that, in the case of 4WM with the same parameters as in Fig. 3(b) , the mid-IR light can be completely turned off when the polarizer and analyzer are perpendicular, i.e., the mid-IR light is σ polarized, as expected from the 4WM process. The same experiment was performed for the CBL signal, and similar results were obtained. However, in the case of ASE, with the same parameters presented in Fig. 3(a) , the directional mid-IR light was found to be only weakly polarized. A ratio of about 2.2 was measured between the cases where the polarizer and analyzer were parallel or perpendicular.
Further investigation is needed in order to understand why we could observe two 4WM peaks in the mid-IR, while the 420 nm signal shows one peak only. Possibly, this is the result of the competition between two or more 4WM loops, starting from the 5S 1∕2 F 2 ground state. Such competition between two 4WM loops was previously identified and reported in Rb [36] , and it was analyzed in the context of orbital angular momentum transfer [33, 34] . Moreover, investigating the transfer of orbital angular momentum in the mid-IR part of the 4WM loop could help to further understand the nature of the competition between ASE and 4WM.
In conclusion, we have generated CMIRL at 5.23 μm in a hot Rb vapor cell by parametric 4WM. We have observed two regimes in the competition between ASE and 4WM in alkali vapor. Our results show that in the presence of a strong CBL signal, the ASE in the forward direction is suppressed, and the directional mid-IR light emitted in this direction can be viewed as CMIRL, arising only from parametric 4WM and not as a mixture of ASE and 4WM. The observation of CMIRL and its analysis can serve as another milestone in the quest for achieving coherent light in the mid-IR regime for variety of applications.
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